Suneja M, Murry DJ, Stokes JB, Lim VS. Hormonal regulation of energy-protein homeostasis in hemodialysis patients: an anorexigenic profile that may predispose to adverse cardiovascular outcomes. Am J Physiol Endocrinol Metab 300: E55-E64, 2011. First published October 19, 2010 doi:10.1152/ajpendo.00438.2010.-To assess whether endocrine dysfunction may cause derangement in energy homeostasis in patients undergoing hemodialysis (HD), we profiled hormones, during a 3-day period, from the adipose tissue and the gut and the nervous system around the circadian clock in 10 otherwise healthy HD patients and 8 normal controls. The protocol included a 40-h fast. We also measured energy-protein intake and output and assessed appetite and body composition. We found many hormonal abnormalities in HD patients: 1) leptin levels were elevated, due, in part, to increased production, and nocturnal surge in response to daytime feeding, exaggerated. 2) Peptide YY (PYY), an anorexigenic gut hormone, was markedly elevated and displayed an augmented response to feeding. 3) Acylated ghrelin, an orexigenic gut hormone, was lower and did not exhibit the premeal spike as observed in the controls. 4) neuropeptide Y (NPY), a potent orexigenic peptide, was markedly elevated and did not display any circadian variation. 5) Norepinephrine, marginally elevated, did not exhibit the normal nocturnal dip. By contrast, ␣-melanocyte-stimulating hormone and glucagon-like peptide-1 were not different between the two groups. Despite these hormonal abnormalities, HD patients maintained a good appetite and had normal body lean and fat mass, and there was no evidence of increased energy expenditure or protein catabolism. We explain the hormonal abnormalities as well as the absence of anorexia on suppression of parasympathetic activity (vagus nerve dysfunction), a phenomenon well documented in dialysis patients. Unexpectedly, we noted that the combination of high leptin, PYY, and NPY with suppressed ghrelin may increase arterial blood pressure, impair vasodilatation, and induce cardiac hypertrophy, and thus could predispose to adverse cardiovascular events that are the major causes of morbidity and mortality in the HD population. This is the first report attempting to link hormonal abnormalities associated with energy homeostasis to adverse cardiovascular outcome in the HD patients.
FOR AT LEAST THE PAST TWO DECADES, investigators have reported that protein energy malnutrition is prevalent in patients with chronic kidney diseases (CKD) and that the poor nutritional state contributes to the high morbidity and mortality (33, 34, 53, 54) . Recent studies (28, 48, 61) further suggest that cachexia, the loss of lean body mass that is refractory to treatment with dietary supplementation, is also common in the CKD population. Anorexia is believed to be a major contributing factor to the malnutrition, (10 -12, 25) . The etiologies of anorexia and cachexia have been attributed to many factors including retention of uremic toxins, metabolic acidosis, and increased magnitude of inflammation and oxidative stress (6, 9, 26, 42, 64) . After the discovery of leptin, its level was found to be elevated in CKD patients and many proposed that this increase may contribute to the loss of appetite (24, 36, 60) .
However, whether high leptin is causally linked to anorexia remains unclear. Fueled by the successful cloning of leptin, a new roadmap of energy homeostasis emerged and a large number of peptides were found to interact with leptin. Marks et al. (45) reported an important role of the central melanocortin system in cachexia. Subsequently, Cheung et al. (14, 15) showed that 5/6 nephrectomy (Nx) in mice resulted in a reduction in food intake, loss of total body lean and fat mass, and an increased resting metabolic rate. These manifestations were blunted in db/db mice, i.e., mice with defective leptin receptors. Furthermore, mice lacking the melanocortin 4 receptor (MC-4R), a major target for ␣-MSH, also had a blunted metabolic response to Nx as did mice with intracerebroventricular injection of agouti-related peptide (AgRP), an MC-4R antagonist. These results suggest that high leptin may lead to increased melanocortin-4 activity and consequently cachexia in Nx mice.
These studies in the rodents inspired us to examine the hormonal status regulating energy homeostasis in hemodialysis (HD) patients. We profiled hormones originating from the adipose tissue, the gut, and the nervous system. Because many of these hormones have a diurnal pattern and meal-related changes, we measured these hormones around the circadian clock and included the perturbation of a 40-h fast, followed by 20 h of refeeding. Simultaneously, we measured caloric and protein intake and output, measured body composition, and assessed appetite and general health status. To avoid the compounding effects of concomitant illnesses and old age and to focus precisely on the effect of uremia, we strictly chose HD patients who were totally free of concomitant diseases and were relatively young.
METHODS
The protocol was approved by the Institutional Review Board at Carver College of Medicine, University of Iowa.
Study subjects. Ten HD patients and eight normal subjects were recruited. The HD patients had the following diagnoses: four patients had focal segmental glomerulosclerosis, one each had hypertensive nephrosclerosis, combined hypertension and obstructive uropathy, chronic interstitial nephritis, adult polycystic kidney disease, nailpatella syndrome, and lupus nephritis; the latter patient had no evidence of active disease at the time of this study. All patients were clinically stable and without any intercurrent illnesses. HD was performed three times weekly, 3-4 h each session, using CT190G dialyzers; kt/v (urea kinetics) ranged from 1.3 to 1.5. During the study week, because of time constraint of the study protocol, all dialysis was carried out in 3-h sessions. Hemodialysis was performed on Monday and Wednesday morning during the General Clinical Research Center (GCRC) stay. After discharge on Thursday, the HD patients returned on Friday morning for the third session. Patients with comorbid illnesses including cancer, heart failure, diabetes, or other systemic illnesses were excluded, and all patients had hemoglobin of Ն11 g/dl.
Subjects made one visit to the GCRC dietitian to create a menu for the study period that would mimic his/her routine intake. As illustrated in Fig. 1 , subjects were placed on this diet for 3 days and were admitted to the GCRC on the afternoon of day 1, Monday, when a heparin lock was placed for blood draws. After the snack at 2000, food was withheld for 40 h until 1200 on day 3 (Wednesday). At that time, feeding was resumed and study continued until day 4, 0800 (Thursday). During the fast, water was allowed ad libitum. Subjects were encouraged to maintain their routine physical activities as much as permitted by the constraint of the protocol. During refeeding, the menu remained unchanged, but portion size was ad libitum. The amount of food ingested before fasting and during refeeding was recorded. Blood samples for hormone assays were taken at times shown in Fig. 1 .
Nutritional assessment. The amount of lean and fat mass was measured by the whole-body dual energy absorptiometry scanner using the Hologic Delphi A Upgrade Model with software XP12.4 (Bedford, MA).
The subjective global assessment form was completed on every subject. It is a clinical tool used to assess nutritional status based on features of the history and physical examination. The former includes weight change, dietary change, and gastrointestinal symptoms, and the latter includes evidence of subcutaneous fat loss, muscle wasting, and edema or ascites. The scores are as follows: A, well nourished; B, moderately malnourished; and C, severely malnourished (19) .
Appetite assessment. We assessed appetite with the visual analog scale (VAS) utilizing five questions (46) : How hungry do you feel? How full does your stomach feel? Do you feel nauseous? How strong is your desire to eat? How much food you think you can eat? Each question was rated on a scale of 1-10 and was measured three times a day during the study period before meal times.
Energy and protein balance. Calorie and protein intake were measured directly from the subjects' food consumption at the GCRC. Resting energy expenditure was measured by O 2 consumption (V O2) and CO2 production (V CO2) using a ventilated hood with the Vmax Spectra 22 machine from Sensor Medics (Yorba Linda, CA). Resting energy expenditure was measured three times on each study subject, after an overnight fast, after a 36-h fast, and 30 min after completion of lunch during refeeding. Protein catabolism was measured in the control subjects by collecting 24-h urine for urea nitrogen (ureaN) excretion. The first collection started on day 1 at home and was completed the next morning at the GCRC; this collection represented the ureaN output at baseline. The second collection was from day 2 to day 3, representing ureaN output during fasting, and the third one, from day 3 to day 4, representing ureaN output during refeeding. For the HD patients, ureaN output was derived using urea kinetics (21) ; kt/v and normalized protein nitrogen appearance rate (nPNA) on day 1 (Monday), day 3 (Wednesday), and day 5 (Friday) of the study week. The Monday nPNA represented the baseline ureaN output from the end of the hemodialysis on the preceding Friday to that Monday noon. The Wednesday value represented the ureaN output during fasting, and the Friday value represented ureaN output during refeeding. In addition to kt/v and nPNA, we also made correction of the urea nitrogen output by calculating the changes in ureaN pool at the end of each dialysis session using the following equation (38) :
BUNf and BUNi represented blood urea nitrogen(g/l) at the end of the current HD and the end of previous HD, and Wtf and Wti represented body weight (kg) at the end of the current and the end of the previous session, respectively. If body ureaN pool was reduced during the period of observation, that meant the urea kinetics had overestimated the protein catabolic rate and that amount was subtracted from the calculated nPNA. Vice versa, if the ureaN pool was increased, then that value was added to the calculated nPNA. Hormone and other assays. We measured the following hormones: 1) leptin: RIA using the Linco kits (Linco, St. Charles, MO). The antiserum is highly specific for human leptin. 2) Peptide YY (PYY): RIA using Linco kits with antibody that recognizes both the 1-37 and 3-36 forms of human PYY. 3) Acylated ghrelin: RIA kits from Linco Research using antibody specific for the biologically active form of ghrelin with an octanoyl group on serine 3. 4) Glucagon-like peptide-1 (GLP-1): measured by enzyme-linked immunoassay using kits from ALPCO (American Laboratory Product, Salem, NH), which were highly specific for the immunologic measurement of active GLP-1 CRP was measured by a sandwich enzyme-linked immunoassay using kits from ALPCO Diagnostics which consisted of polyclonal antibodies directed against CRP and a peroxidase-labeled CRP antibody. TNF␣ was measured using enzyme-linked immunoassay kits from R & D Systems (Minneapolis, MN), which contain Escherichia coli-derived recombinant human TNF␣. Fig. 1 . Timeline of the protocol. Study subjects ate constant diet on days Ϫ1, 0, and 1 (Saturday, Sunday, and Monday) and were admitted on day 1, Monday, 1600. During the study period, each day ended at 2400. They stayed in General Clinical Research Center for 3 nights and were discharged on day 4, 0800. Fasting was from day 1, 2000 to day 3, 1200, a total of 40 h. This was followed by 20 h of ad libitum refeeding. *Times of blood draws, resting metabolic rate (RMR) measurements, hemodialysis (HD), and meals were as depicted. Not included in the figure was the return of the HD patients on day 5, Friday, for the third study dialysis session.
Blood draws. Blood was drawn into syringes, and predetermined amounts were emptied into several EDTA tubes containing specific and appropriate amounts of either aprotinin or DDP 4 inhibitor as indicated. Tubes of blood were then centrifuged at 4°C, and predetermined volumes of plasma were aliquoted into prelabeled 12 ϫ 75 mm polypropylene tubes and kept frozen at Ϫ70°C until time of assay; all syringes and tubes were chilled before use. A total of 106 tubes of plasma samples were obtained from each study subject, and all were stored in clearly labeled tubes with participant's initial, date, time, and peptide to be assayed.
Statistics and kinetics. Values are presented as means Ϯ SE. For comparison of each time point values between the control and the HD groups, we used the Student's t-test. For comparison of values within each group during the study period, we used the repeated-measures one-way ANOVA. To examine the relationship between plasma leptin and body fat, we used the standard linear regression analysis. The kinetic parameters for leptin and PYY were analyzed using a single compartmental approach. The disappearance rate was calculated from the peak during baseline to the end of fasting, whereas the appearance rate was derived from the area under the curve (AUC) from the end of fasting to the peak after refeeding. Maximal and minimal plasma concentrations (C max and Cmin), starting from the end of fasting to the peak post refeeding, were obtained by visual inspection of the concentration-time curves. To predict the factors that influenced C max, we performed a stepwise forward and reverse linear regression analysis using the statistical package of JMP 8 (SAS, Cary, NC).
RESULTS
Demography, body composition, inflammatory status, and baseline hormone levels. Table 1 shows that age, body mass index, and weight were comparable in both study groups; there was, however, an uneven sex distribution, more women in the control group. The two groups also had similar amounts of fat and lean body masses. The inflammatory markers including CRP and TNF␣ tended to be higher in the HD patients but did not reach a statistically significant threshold. Serum albumin was normal in both groups. Subjective global assessment, not listed in the table, placed all participants, controls as well as HD patients, in "A, well nourished" category. Vintage of dialysis ranged from 12 mo to 12 yr at the time of this study and BUN and serum creatinine taken the month before this study were 63 Ϯ 3 and 11 Ϯ 1 mg/dl, respectively. All patients had virtually no urine output and thus almost nonexistent residual renal function. Mean systolic blood pressure was 124 Ϯ 3 and 147 Ϯ 1 (P Ͻ 0.0001), diastolic blood pressure was 82 Ϯ 6 and 80 Ϯ 2, and resting heart rate was 64 Ϯ 2 and 90 Ϯ 2 (P Ͻ 0.0001), respectively, in the C and HD groups. Systolic blood pressure and heart rate were higher in the HD patients. Table 2 lists the baseline values, taken at day 2, 0800 after an overnight fast, of the hormones that we examined; it shows distinct elevation of three peptides, leptin, PYY, and NPY, in the HD group. Molecular weights of the peptides were listed to show a lack of relationship between molecular weight and any increase in plasma levels in the HD patients.
Leptin profile and kinetics. Figure 2A depicts leptin rhythm throughout the study. There is a very distinct circadian rhythm with a nocturnal surge at ϳ0300 during feeding. Fasting totally abolished the nocturnal rise and led to a progressive decline of leptin to as low as 38 and 24% of the peak nocturnal levels, respectively, in the control and HD groups. During feeding, HD patients had higher plasma leptin levels and more robust nocturnal surges; in fasting, levels were not different between the groups. Figure 2B illustrates a significant positive linear regression between plasma log leptin, values obtained on day 2, 0800, and percent body fat in both the control and the HD groups. Although the two lines showed that for each amount of body fat, HD patients had higher plasma leptin than the controls, but statistically, neither the log leptin-percent body fat regression lines nor the intercepts reached significant threshold. Table 3 summarizes leptin kinetics showing that its elimination half-lives, t 1/2 ␣ and t 1/2 ␤, were not different between the two groups. The AUC, derived from the end of fasting to the peak after refeeding, which we used as a surrogate for its secretory capacity, tended to be greater in the HD group, although the difference did not achieve a statistically significant threshold. Similarly, C max and C min , derived from visual inspection of the concentration-time curves, were higher in the HD group but again did not achieve a statistically significant level. By contrast, the AUC, C max and C min of male and female participants from both study groups combined showed significantly higher values in the females. While conventional statistics failed to reveal a significant difference in the secretory rate between the controls and the HD patients, with the use of multifactorial regression analysis with the JMP 8 statistical package (SAS), stepwise forward and reverse regression analysis showed that three factors significantly predicted higher leptin C max : group, higher in the HD patients (P ϭ 0.005); sex difference, higher in the female sex (P ϭ 0.05); and percent trunk fat, higher in those with greater amount of trunk fat (P ϭ 0.002).
Profile of the gut-derived hormones. The three gut hormones that we studied included PYY, acylated ghrelin, and GLP-1. Figure 3A shows that circulating PYY levels were fourfold higher in the HD patients at all time points. In both groups, plasma levels declined with fasting and rose after feeding. With the use of the value obtained on day 3, 1200 at the end of fasting as base, one-way ANOVA detected that the postprandial values on days 1 and 3 were higher than the bases in both groups, but the differences were of greater statistical significance in the HD patients; P values 0.03 to 0.001 in the controls and 0.002 to Ͻ0.0001 in the HD patients. Table 4 summarizes PYY kinetics showing one single elimination half life of similar value in the two groups. Its secretory capacity, repre- Fig. 2 . Leptin profile. A: 20 blood samples were measured (OE, control; , HD). *P Յ 0.05, comparing control vs. HD at the same time points by Student's t-test. Value on day 3, 1200 (x inside circle) was used as the base to compare to all other values during the entire study period within each group with repeated-measures ANOVA. †P ϭ 0.05 for the controls; ‡P ϭ 0.05 to 0.02 for the HD patients. B: linear regression analysis showed a significant positive relationship of log plasma leptin with percent body fat in both study groups, with a 13.5 Ϯ 2.7% increase in leptin per 1% increase in body fat in the HD patients and 11.0 Ϯ 2.5% increase in leptin per 1% increase in body fat in the controls. Note that the 5 and 3 highest values in the control and the HD groups, respectively, were from female subjects. m, Meal. Values are means Ϯ SE. Noncompartmental approaches were used for the kinetic analysis. Disappearance rate: t1/2␣ from day 2, 0300, to day 2, 2400; and t1/2␤, day 3, 2400, to day 3, 1200. Area under the curve (AUC), from day 3, 1200, to day 4, 0300, from the end of fasting to the peak after refeeding was the surrogate for appearance rate. Maximal and minimal plasma concentrations (Cmax and Cmin) were determined from visual inspection of the concentration-time curves during the refeeding period. P values were derived from Student's t-test.
sented by the AUC derived from the end of fasting to the peak after refeeding, was threefold higher in the HD group. Similarly, both C max and C min were much higher in the HD patients. Not shown in Table 4 is that using stepwise forward and reverse regression analysis, we found that only one single factor predicted high C max and that was being in the HD group (P Ͻ 0.0001).
In contrast to PYY, circulating acylated ghrelin levels were lower in the HD patients, especially during refeeding. Additionally, HD patients demonstrated a distinctly abnormal pattern characterized by a blunted premeal surge compared with the controls (Fig. 3B) . With the use of the day 3, 1400 value as the base, one-way ANOVA showed that, in the controls, ghrelin levels were higher than its base at all time points (P Յ 0.03). In the HD patients, ghrelin was elevated at fewer time points and (P Յ 0.05). Fasting, instead of raising ghrelin level as we had expected, actually resulted in gradual decline of circulating ghrelin in both groups.
Plasma GLP-1 levels, shown in Fig. 3C , were not statistically different between the two groups. While the postprandial rise during refeeding appeared greater in the HD patients, the AUC from the end of fasting to the peak after refeeding was not statistically different. It should be noted that only five HD patients and four controls had this peptide measured.
Profile of the nervous system-derived hormones. Figure 4A depicts the ␣-MSH profile showing similar levels in both study groups without any diurnal or meal-related pattern. Figure 4B shows that NPY levels were consistently two-to threefold higher in the HD patients. Neither group showed any circadian variations. Figure 4C shows that plasma norepinephrine tended to be higher in the HD patients. In the controls, plasma norepinephrine displayed a circadian rhythm, lowest between 2400 and 0300, and stable at higher levels during day time. In the HD patients, this nocturnal suppression was blunted.
VAS. Appetite, as assessed by VAS, increased with fasting as expected. Neither hunger (Fig. 5A ) nor the amount of food subjects perceived they could eat (Fig. 5B) was different in the two groups at any time during the study. The score for nausea was "0" at all times in both groups.
Energy and protein intake and output. Table 5 shows that energy intake and resting metabolic rate were not different between the two groups during any of the three study periods. Short-term fasting did not reduce, but meal ingestion did unequivocally increase, energy expenditure in both the controls and the HD patients. Fig. 3 . Gut-derived hormone profile. Fifteen blood samples were obtained from each study subject (OE, control; , HD). A: peptide YY (PYY) was persistently fourfold higher in HD patients. *P Ͻ 0.0001 comparing controls vs. HD patients at the same time points by Student's t-test. The dip in plasma level between 0800 and 1000 on day 3 in HD patients suggested removal by hemodialysis. During refeeding, postprandial rise appeared more robust in the HD group and area under the curve analysis from the end of fasting to postmeal peak confirmed significantly higher value in the HD patients (P ϭ 0.0004). Repeated-measures ANOVA was used to compare the day 3, 1200 value (x inside the circle) to all other values during the entire study period within each group. †P ϭ 0.01 to 0.001 for the controls; ‡P ϭ 0.002 to Ͻ0.0001 for the HD patients. The postmeal rises were of greater magnitude in the HD group. B: acylated-ghrelin was lower in the HD patients, and the preprandial rises, especially during refeeding, were blunted. *P ϭ 0.05 to 0.003, comparing control vs. HD at the same time points by Student's t-test. Value from day 3, 1400 (x inside circle) was used as base and compared with all other values within the same group. †P ϭ 0.03 to 0.001 for the controls; ‡P ϭ 0.05 to 0.02 for the HD patients. The height of preprandial rise was diminished in the HD group. The dip between 0800 and1000 on day 3 in the HD group suggested removal by dialysis. C: plasma glucagon-like peptide-1 7-36 [GLP-1(7-36)] levels were comparable between the 2 groups. During refeeding, its postprandial rise appeared more prominent in the HD group, but area under the curve, from end of fasting to peak following refeeding, was not different. Values are means Ϯ SE. Noncompartmental approach was used to estimate pharmacokinetic parameters. The t1/2 was obtained from the decline of plasma levels from day 1, 2000 to day 3, 0800. We did not use the day 3, 1200 value because of its removal by HD from 0800 to 1000. Appearance rate was calculated from the rise in plasma concentration from the end of fasting to the peak after refeeding as represented by AUC from day 3, 1200 to day 3, 2000. Cmax and Cmin were determined from visual inspection of the concentrationtime curves during refeeding. P values derived from Student's t-test. Table 6 summarizes the data on protein homeostasis. In the HD patients, protein intake at baseline was lower, but in the refeeding period when ad libitum eating was allowed, protein intake rose to above that of the controls. Protein output, derived from nNPA, was not different between the two study groups. Protein balance was markedly negative during fasting and neutral during baseline and refeeding in both groups. The control group showed a significant reduction of protein output during fasting while the HD group did not. Protein output and protein balance were not different between the two groups during any of the three study periods.
DISCUSSION
Endocrine dysfunction is prevalent in patients with endstage renal diseases (39) . In the current study, we describe hormonal abnormalities involved in the regulation of energy homeostasis, including high leptin, elevated PYY, low ghrelin, and increased NPY.
High plasma leptin in CKD patients is generally attributed to impaired degradation (47, 60, 71) ; the current data suggest that the high level was, in part, due to increased production. In fasting, leptin degradation, calculated from a single exponential decay, was similar between the two groups (Table 3) . Although the greater leptin production rate in the HD patients, covering a period from the end of fasting to the peak after refeeding, failed to reach statistical significance by the Student t-test, multifactorial stepwise forward and reverse linear regression analysis demonstrated significant associations of the AUC with HD status, sex, and body fat. Hence, the failure to detect a difference between the two groups by conventional Fig. 5 . Visual analog scale. Visual analog scale was obtained 3 times a day; during feeding, it was taken immediately before meal (OE, control; , HD). A: hunger score: there was no difference between the two groups at all time points. With the use of the score obtained on day 2, 0800 (x inside circle) as base for comparison to all other values during the entire study within each group showed †P ϭ 0.04 in the HD group. B: "Expected Amount One Could Eat" scores: there was no difference between the 2 groups at all time points. Fig. 4 . Nervous system-derived hormone profile. Fifteen blood samples were assayed for ␣-melanocyte-stimulating hormone (␣-MSH) and NPY and 12 for norepinephrine (OE, control; , HD). A: plasma ␣-MSH levels were not different between the 2 groups at all time points and there was no circadian or meal-related rhythm. B: plasma NPY was consistently elevated in the HD patients. *P ϭ 0.02 to 0.0001, comparing the 2 groups at the same time points by Student's t-test. With the use of the day 2, 0800 value as base (x inside circle), ANOVA showed that only the value obtained on day 3, 1200 in the HD group was statistically different (P ϭ 0.02); this dip was due likely to removal by dialysis. C: plasma norepinephrine levels were not different between the 2 groups at all time points. However, with the use of the day 2, 0800 (x inside circle) value as base for comparison to all other values within each group, †P ϭ 0.05 to 0.03 in the controls, while there was no difference detected among all the values in the HD patients. statistics was probably due to the confounding variables of sex difference and body fat, two variables that are linked. Although we tried to match sex in the two groups, we were unable to do so because of the strict demands of the protocol. We observed a nocturnal surge of leptin in every study participant, and the surge was totally abolished by fasting. We interpret these results to reflect that the circadian variation of leptin levels is linked to meal patterns. This interpretation is in agreement with that reported by Schoelleer et al. (59) . To these principles, our data suggest that the circadian, meal-related variations in leptin levels were not impaired and in fact were exaggerated in HD patients.
Regarding the gut hormones, PYY was fourfold elevated in HD patients, similar to that reported by Perez-Fontan et al. (51) . Additionally, we found an augmented postprandial rise, suggesting an exaggerated response to nutrient intake. Physiologically, PYY secretion appears to be under parasympathetic inhibition, as truncal vagotomy resulted in a marked increase in both basal and food-induced PYY secretion (72) . In CKD patients, autonomic neuropathy, specifically impaired parasympathetic activity such as blunted reduction in heart rate with Valsalva's maneuver, is well established (1, 55, 68) . Thus the high PYY in our patients may be related to vagal dysfunction. Interestingly, Mamoun et al. (44) reported that uremic toxins act specifically in the splanchnic region or the brain to inhibit eating; ultra-filtrates from uremic plasma and normal urine suppress feeding in the rats only when injected intracerebroventricular or intraperitoneally but not intravenously. PYY is secreted as PYY . After release, dipeptidyl peptidase IV (DPP IV) cleaves the NH 2 -terminal tyrosine-proline residue forming PYY . In humans, Sloth et al. (62) found that while PYY 3-36 unequivocally inhibited food intake, PYY had no clear effect on appetite. In rats, Chelikani et al. (13) noted that PYY 3-36 dose dependently inhibited food intake and PYY was an order of magnitude less potent. In the current study, the antibody used in the assay recognizes both moieties, but because we did not add DPP IV inhibitor to the plasma, a greater fraction of the hormone is likely to be PYY .
Ghrelin, secreted as acyl-ghrelin, is rapidly converted to the desacyl form that constitutes about 90% of the circulating level (31, 32) and is the moiety that is elevated in the CKD patients (2, 7, 70) . With regard to energy homeostasis, there is a consensus that acyl-ghrelin promotes energy intake; the physiology of desacyl-ghrelin, however, is less certain. Inhoff et al. (27) reported that desacyl-ghrelin, when coadministered with acyl-ghrelin, abolished the stimulatory effect of ghrelin on food intake in rats, while desacyl-ghrelin, by itself, had no effect. Asakawa et al. (4) reported that, in mice, while intracerebroventricular injection of acyl-ghrelin increased food intake, desacyl-ghrelin did not, and Toshinai et al. (67) found that while intracerebroventricular and intravenous acyl-ghrelin administration to fed rats potently stimulated food intake, desacyl-ghrelin increased food intake only minimally. Thus the combination of low acyl-ghrelin and high desacyl-ghrelin in HD patients should inhibit feeding if the system is working properly. Wynne et al. (69) and Ashby et al. (5) showed that acyl-ghrelin administration resulted in a significant increase in dietary intake in malnourished peritoneal dialysis patients.
As for peptides from the nervous system, ␣-MSH, produced mostly in the brain and the pituitary and in small quantity by the cutaneous keratinocytes and melanocytes (20) , was not different between the two groups. Although this result is not what we predicted based on elevated leptin levels and its postulated effect on the melanocortin system, we realize that circulating ␣-MSH levels may not reflect levels within the hypothalamus.
Consistent with those reported in the literature (8, 18, 65) , NPY was many-fold higher in our HD patients. As CKD patients have heightened sympathetic activity (16) , it is likely that the elevated NPY observed was, in part, derived from the peripheral nervous system. Thus we also measured norepinephrine. Although we found elevation of both NPY and norepinephrine, the diurnal pattern was different; norepinephrine showed a nocturnal dip, and NPY did not. It should be emphasized that NPY produced peripherally crosses bloodbrain barrier readily and could exert its effect centrally (29) .
The combination of elevated leptin, high PYY, and blunted premeal acyl-ghrelin rise would predict that HD patients should be anorectic. On the other hand, the elevated NPY would infer that they should be hungry. Clinically, our patients maintained a normal appetite, undisturbed by the abnormal Values are presented as means Ϯ SE. Intake was taken form the record of food consumption, and output in the controls was derived from 24-h urine urea nitrogen output and in HD patients by urea kinetics. Balance ϭ intake Ϫ output. P values were derived from Student's t-test comparing control vs. HD. *, †, ‡Statistically significant differences comparing, respectively, basal vs. fasting, basal vs. refeeding, and refeeding vs. fasting by ANOVA within each group. hormone profile. These underscore the complexity of mammalian appetite regulation which is multilayered and redundant. The absence of anorexia could be due to hormone resistance when the receptors are unable to respond normally to the signal, as in the case of obesity when circulating leptin is high. Impaired parasympathetic activity due to vagus nerve dysfunction could explain PYY resistance. The vagus nerve, in addition to its inhibitory effect on PYY secretion, is also essential in mediating its anorexigenic effect. Koda et al. (30) found that abdominal vagotomy abolished the PYY-induced decline in feeding. While intravenous PYY administration to control rats resulted in a significant reduction in food consumption compared with saline, PYY given to vagotomized rats did not reduce food intake. PYY-induced Fos expression in the arcuate nucleus was also abolished by vagotomy, suggesting that that the satiety message needs the afferent vagus fibers to reach the nucleus tractus solitarus. Likewise, the vagus nerve is needed to mediate the orexigenic effect of ghrelin. In rats, vagotomy abolishes ghrelin-stimulated feeding (17) ; in humans, ghrelin does not stimulate appetite in those who had surgical procedures involving vagotomy (58) . Thus to the extent that HD patients have suppressed parasympathetic function (1, 55, 68) , they may have blunted anorexigenic and orexigenic response to PYY and ghrelin, respectively.
Our HD patients also did not have energy wasting or excessive protein catabolism, findings consistent with our previous work (40, 41) (35) . In the HEMO Study, the mean intake were comparably low, 23 kcal·kg Ϫ1 ·day Ϫ1 and 0.93 g·kg Ϫ1 ·day Ϫ1 , respectively. Compared with the HEMO study, our patients were younger, 41 vs. 58 yr; had greater body mass index, 28 vs. 25; higher serum albumin, 4.2 vs. 3.6 g/dl; and were devoid of comorbid illnesses (56, 57) . Thus, when end-stage renal disease patients are well dialyzed and suffer no comorbid illnesses, they can maintain good nutrition on a diet consisting of fewer calories and lesser protein than currently recommended.
Serendipitously, we noted that the abnormalities uncovered in this study have other functions independent of energy homeostasis. Elevated leptin could increase sympathetic nerve activity (23, 63) and may impair baroreceptor sensitivity (3). PYY is a powerful vasoconstrictor. Its injection into the superior mesenteric arteries of cats caused intestinal ischemia (43) . In humans, PYY injection into the brachial artery resulted in a dose-dependent decline in forearm blood flow (52) . NPY likewise has a vasoconstriction effect, and it enhances the vascular effect of norepinephrine and angiotensin II (22, 50) . Recently, NPY was also shown to induce arterial occlusion following balloon angioplasty in rats (37) , and Zoccali et al. (73) reported that high plasma NPY predicts adverse cardiovascular events in HD patients.
Because ghrelin has a potent vasodilatation property, its diminished level also predisposes HD patients to vasoconstriction. Nagaya et al. (49) found that intravenous injection of ghrelin to healthy men resulted in a decrease in mean arterial blood pressure without any change in heart rate, an increase in stroke volume because of reduced cardiac after load. Patients with metabolic syndrome have reduced plasma ghrelin, and they showed enhanced sensitivity to endothelininduced vasoconstriction and impaired nitric oxide-dependent vasodilatation; these abnormalities were corrected by ghrelin infusion (66) . Therapeutically, ghrelin infusion not only increased food intake, but also lowered blood pressure in CKD patients (69) .
In summary, endocrine evaluation of otherwise healthy HD patients showed normal appetite and metabolism but exhibited marked abnormalities in hormones involved in the regulation of appetite and energy balance. We attribute these seemingly paradoxical findings to vagal dysfunction, impaired parasympathetic activity, a phenomenon well-described in CKD patients. Most importantly, these hormonal abnormalities may heighten sympathetic activity, augment vasoconstriction, and impair vasodilatation, all of which, in the long run, pose adverse effects on the integrity of the cardiovascular system in the HD patients.
